Plasmodium falciparum-infected erythrocytes adhere to syncytiotrophoblast cells lining the placenta via glycosaminoglycans, such as chondroitin sulfate A (CSA) and hyaluronic acid. Adherence of infected erythrocytes to host receptors is mediated by P. falciparum erythrocyte membrane protein-1 (PfEMP-1). A single PfEMP-1 domain (duffy binding-like [DBL]-3, of the g sequence class) from laboratory-adapted strains is thought to be responsible for binding to CSA. In this study, DBL-g domains expressed by placental P. falciparum isolates were shown to have an affinity to CSA. All parasite populations accumulating in infected placentas express only 1 variant of PfEMP-1, each of which contains a DBL-g domain with CSA binding capacities. Furthermore, sequence analysis data provide evidence for antigenic conservation among the DBL-g sequences expressed by different placental parasites. This study offers a close reflection of the process of parasite adhesion in the placenta and is crucial to the understanding of the pathogenesis of malaria during pregnancy.
Plasmodium falciparum is the most important malaria parasite, causing 11 million deaths per year. Malaria during pregnancy remains a serious problem, and the effects of placental infections on both fetus and mother are considerable. P. falciparum-infected erythrocytes (IEs) adhere to syncytiotrophoblast cells of the placenta via the glycosaminoglycan chondroitin sulfate A (CSA), which is linked to the proteoglycan thrombomodulin. Parasites that infect the placenta bind CSA preferentially, whereas most parasites found in a nonpregnant host bind CD36 [1] .
The principle parasite-derived protein that mediates adherence to host receptors is P. falciparum erythrocyte membrane protein-1 (PfEMP-1), a variable antigen encoded by a multigene family of 40-50 different var genes [2] . Different domains on PfEMP-1 have been implicated in interaction with a variety of host receptor molecules, the most common being CD36 [3] and intercellular adhesion molecule-1 (ICAM-1) [4] . Recently, a single PfEMP-1 domain of the duffy binding-like (DBL)-g sequence class was unambiguously identified to be involved in binding to CSA. Al-though Reeder et al. [5] first showed that antibodies to recombinant DBL-g inhibited CSA binding of a cloned cell line, Buffet et al. [6] demonstrated that a CHO cell line expressing a DBLg domain of PfEMP-1 directly bound CSA. In view of the association between CSA binding and the DBL-g domain, we have prioritized the study of DBL-g sequences expressed by P. falciparum isolated from placental samples.
Materials and Methods

Collection of blood samples.
Placentas were obtained from women who gave birth between June and October 1996, in 2 maternity wards (Nkolndongo and Etoudi) in Yaounde, Cameroon. Deliveries were normal, and the participants were neither febrile nor anemic; the mean ‫ע(‬ SD) hemoglobin content was 11.2 ‫ע‬ g/dL. Peripheral blood samples and term placentas were col-0.3 lected, and infected placentas were incised and flushed with RPMI. Extracted blood was stored at -70ЊC.
Reverse transcription (RT)-polymerase chain reaction (PCR). Total RNA was prepared from 7 of 8 placental blood samples by use of the QIAamp RNA blood mini kit (Qiagen). RNA was extracted by mixing 100 mL of frozen placental packed erythrocytes with 500 mL of the lysis buffer provided. Further extraction steps were done according to the manufacturer's instructions. The eighth sample was left out in RT-PCR because it was found to carry 2 parasite populations (see below). The RNA was pretreated on column with RNase-free DNase. PfEMP-1 expression was detected by amplifying the DBL-g domain in RT-PCR, using degenerate primers UNIEBP5 and UNIEBP3 , as described elsewhere [7] . RT-PCR products excised from the agarose gels were sequenced directly or were cloned into the TA cloning vector pCR2.1 (Invitrogen). 
Merozoite surface protein (MSP)-1 and MSP-2 genotyping.
Parasite DNA was extracted from placental blood samples by using the QIAamp DNA Blood mini kit (Qiagen). The surface antigens MSP-1 and MSP-2 served as targets in the PCR amplification, as described elsewhere [8] . Nucleotide sequences of gel-purified products were determined for allele identification.
Transient surface expression of DBL-g domains. DBL-g sequences were PCR amplified for cloning into the pDisplay plasmid (Invitrogen) that allows protein expression on the cell surface. Recombinant proteins contain hemagglutinin A and myc epitopes to facilitate detection. DBL-g-pDisplay constructs were sequenced to confirm in frame cloning with an N-terminal murine Ig k-chain leader sequence and a C-terminal platelet-derived growth factor receptor transmembrane domain. Plasmids prepared by the EndoFree plasmid maxi kit (Qiagen) were used to transfect COS-7L cells (Life Technologies), which were cultured according to the manufacturer's serum-based protocol.
COS-7L adherent cells were seeded on cover slips at a density of cells/well in 6-well plates 1 day before transfection. Coupling to carboxylated microparticles. CSA and bovine serum albumin (BSA) were coupled to Fluoresbrite Yellow Orange carboxylated microspheres (1 m; Polysciences) by use of the carbodiimide kit, as instructed. CSA also was coupled to BSA before conjugation to beads. In brief, CSA (final concentration, 80 mg/ mL) was mixed with BSA (final concentration, 13.6 mg/mL) in the presence of sodium cyanoborohydride (final concentration, 20 mg/ mL) in 2 mL of 0.2 M potassium phosphate (pH 8) at 37ЊC for 96 h. The mixture then was dialyzed against distilled H 2 O [9] .
Binding affinity to CSA. At 24 h after transfection, cover slips containing COS-7L cells were placed in new 6-well plates and were washed once with Dulbecco's complete medium (DCM). To each well, 2 mL of DCM was added, followed by the addition of 50 mL of a 1.25% suspension of coupled beads; the plates were left on an orbital shaker platform for 1 h at room temperature (RT). Nontransfected cells served as controls. Cells were washed with DCM, were fixed with 4% paraformaladehyde for 10 min, and were washed again with PBS and deionized water. Cover slips were mounted on microscope slides in the presence of Mowiol 4-88 (Polysciences), a mounting and antifading solution [10] . Slides were kept for 1 h at RT in the dark and thereafter were checked under the fluorescence and confocal microscopes for surface expression and binding. To colocalize FITC surface labeling and rhodamine red bead binding, experiments were done, as described above, until the fixation step. Before adding Mowiol, cells were incubated with primary and secondary antibodies, as described above. Nuclear staining of cells was also done using 4 -6-diamidino-2-phenylindole (DAPI) before mounting.
Results
Expressed DBL-g sequences from placental parasites. Using oligonucleotides UNIEBP5 and UNIEBP3 , amplification of RNA from the placenta by RT-PCR resulted in 2 PCR products of ∼400 bp and 500-600 bp in length. By direct DNA sequencing, the larger product was verified as being DBL-g specific. In light of the fact that some PfEMP-1 proteins lack a DBL-g domain, we carried out parallel RT-PCR, using primers specific for the DBL-1 (DBL-a) sequence class. In all reactions, each of the single bands around 600 bp was partially sequenced and was confirmed as having the DBL-a type of sequence.
To examine for unique consensus motifs in the expressed DBL-g sequences from placental parasites, a multiple alignment of their deduced amino acids was done ( figure 1A) . Sequences from samples 485 and 701 were identical, as were those from samples 720 and 734. RNA extraction and RT-PCR amplifications for each sample were done independently twice, and 10 independent clones from each RT-PCR product were analyzed to ensure a correct finding. The aligned sequences showed 39%-55% identity, which indicates that the expressed DBL-g sequences and, possibly, the entire expressed PfEMP-1 in parasites from infected placentas are closely related to one another. In comparison, the 2 DBL-g sequences of the CSA-selected laboratory strains had 45% identity.
A phylogenetic analysis was made on the 5 placenta sequences and 10 additional DBL-g domains of known PfEMP-1 sequences [11] . Two of them have been characterized for CSA binding [5, 6] , whereas the rest originated from parasites panned on CD36 or ICAM-1. The comparison yielded 3 clusters (figure 1B). It is noteworthy that the 2 laboratory CSA-selected clones were found in one group, and 4 of the placenta-derived sequences were found in another.
Colocalization of surface expression and CSA binding. DBL-g surface expression on transfected COS-7L cells was analyzed under the fluorescence microscope, using anti-myc antibodies raised against the c-myc epitope fused to DBL-g. FITC staining was observed in 20%-40% of transfected cells, which indicated successful surface expression in these cells (data not shown). To test whether surface-expressed DBL-g also bound CSA directly, we did colocalization and binding assay experiments and visualized staining under the confocal microscope. FITC staining confirmed surface expression, and the presence of red fluorescent CSA-coupled beads verified affinity to CSA. DBL-g domains from all 7 different placental parasites expressed on COS-7L surface also bound CSA extensively. Transfected cells showed green fluorescence surface staining (figure 2A), as well as dense red fluorescent beads around them ( figure  2C ). An overlay of red over green fluorescence for 2 sets of cells transfected with different DBL-g constructs is shown in figure 2D and 2E. To visualize the cell nucleus, blue DAPI staining was used (figure 2B). Equally strong binding was observed, regardless of whether CSA-coupled or CSA-BSAcoupled beads were used. On the other hand, no bead rosettes were detected when transfected and nontransfected COS-7L cells were incubated with BSA-coupled beads (data not shown). An additional control included nontransfected DAPI-stained . B, Phylogenetic analysis of DBL-g from placental samples and laboratory-selected clones. All sequences in the analysis, except for the placental-derived ones, were taken from Smith et al. [11] . Designation FCR3varCSA.1 refers to the first of the 2 DBL-g sequences present on FCR3varCSA [6, 15] , and FCR3varCSA.2 refers to the second. Alignment was made with the CLUSTAL program (Biocomputing Service Group, Deutsches Krebs Forschungszentrum) and the resulting multiple sequence file was used to create the phylogenetic tree by the CLUSTREE program (Biocomputing Service Group, Deutsches Krebs Forschungszentrum) with bootstrap analysis of 1000 resamplings. The tree view displays a scale bar of 0.1 and refers to 0.1 substitutions per site. 
Discussion
This study cohort comprised individuals from Cameroon who were at high risk of malarial infection. We identified 8 such pregnant women at the time of parturition by determining the presence of P. falciparum parasites in the placenta, as well as in peripheral blood. Information on infection complexity in our placental samples was obtained by genotyping experiments, using PCR-based methodology. Although 2 pairs of isolates (485 and 701; 720 and 734) have identical DBL-g sequences, they are distinct in their MSP-1 genotypes and, thus, do not arise from the same clone found by chance in the placenta. In only 1 of 8 samples, 2 bands were observed for both MSP-1 and MSP-2 amplifications, which shows that this subject harbored 2 P. falciparum clones.
The identification of only 1 expressed PfEMP-1 sequence in each population of placental parasites, in addition to our genotyping data, reinforces the proposed model that the P. falciparum parasites implicated in maternal malaria may belong to a unique subpopulation [1] . The finding that P. falciparum activates the transcription of many PfEMP-1 genes, but selects to express only 1 PfEMP-1 protein on the surface of IEs [12, 13] , also holds true for our subpopulation of parasites in the placenta. The fact that all our placental parasites express a DBL-g domain showing high affinity to CSA points to the importance of such a ligand in the adhesion process on placental syncytiotrophoblast. The CSA adhesion hypothesis explains that CSA binding parasites are never selected to cause malaria infection in the absence of placental tissues [1] .
The existence of identical pairs of DBL-g sequences might point to the genetic homogeneity of certain field isolates, for example in possessing a limited number of receptor-binding domains, at least in those parasites infecting the placenta in our study area. Experimentally, it was found that, on selection for CSA binding on CHO cells, a homogeneous FCR3 CD36 parasite population adheres to CSA and expresses the var gene variant var CSA , which shows that the switchback mechanism of var gene expression is active [13] . It was further reported by the same group that individual isolates can have identical or closely related single-copy var genes in the subtelomeric regions of different chromosomes, despite extensive var gene diversity. The use of placental parasites is highly relevant for the direct study of adhesion properties and PfEMP-1 expression in natural environments. The results of the present study demonstrate the capacity of DBL-g domain to bind CSA and offer a close reflection of the behavior of IEs in the placenta. In heterogeneous laboratory-adapted strains, there is evidence of frequent rearrangement events and intramolecular mitotic recombinations that result in deletions of chromosomal fragments, including var gene deletions [14] . This might result in the loss of high-affinity adhesion phenotypes, which may lead to the selection of lower affinity ligands. Accordingly, laboratory isolates that fail to bind certain receptors cannot be induced to do so, even under selection pressure [13] .
There is now evidence to show that CSA is not the sole placental receptor and that IEs could bind hyaluronic acid (HA), a nonsulfated glycosaminoglycan carbohydrate [15] . It remains to be seen whether the expressed PfEMP-1 sequences from our placental parasites also exhibit adhesive properties to HA. Because the PfEMP-1 molecule is known to contain a number of adhesive domains, it is reasonable to expect that placental sequestration may be defined by binding specificities to other unrecognized adhesion receptors. Questions as to whether the expressed single copies of PfEMP-1 reported in our placental parasites are unique in their binding to CSA or whether they possess multiple adhesive properties to other receptor molecules await answers.
